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Silica is the major component of the earth's crust and occurs in several polymorphs. In 
many low-temperature systems, amorphous silica (opal-A) precipitates from natural 
waters. This occurs either inorganically, as in silicretes, geyserites, and precious opal 
deposits, or organically by diatoms, radiolarians, silicoflagellates, sponge spicules, and 
some terrestrial plants. With time and increasing burial, amorphous silica is transformed 
to the thermo dynamically stable phase, quartz, often through an intermediate phase, opal- 
CT Silica phase transformations are strongly controlled by temperature but also are 
affected by pore fluid chemistry, pH, time, burial depth, specific surface area, and bulk 
mineralogical composition. These transformations proceed by a solution-precipitation 
mechanism.
Siliceous sediments are often rich in organic matter. In petroleum reservoir formation 
water, high concentrations of water-soluble, organic-acid anions have been observed. 
Organic matter may play an important role in silica diagenesis. Recent studies have shown 
that the presence of organic matter increases both the solubility and the dissolution rate of 
quartz (BENNETT et al., 1988; BENNETT, 1991), probably through a complexation 
mechanism.
The objective of this study is to determine how organic matter affects silica solubility, 
and investigate how the changes in silica solubility affect silica phase transformations.
Many geochemical models calculate spéciation and mass transfer using reversible and 
irreversible thermodynamics, equilibrium and nonequilibrium, and open vs closed systems. 
They are of great value in understanding natural rock-water systems. In this study, the 
thermodynamic and kinetic code, EQ3/6, is used to investigate the effects of organic 
matter on silica diagenesis. The total dissolved silica concentrations in a simple system 
and a natural system in the presence and absence of organic materials are modeled. The 
effect of organic-acid anions on silica phases transformations is also simulated.
The results of the simulations show 1) that the total silica concentration increased in the 
presence of dissolved organic matter relative to its absence, 2 ) the rate of silica phase 
transitions is greatly increased in the presence of dissolved organic matter. Dissolved 
organic matter is expected to be greater in organic-rich rocks. Hence, opal-CT and quartz 
are expected earlier in organic-rich rocks than in organic-poor rocks under identical burial 
conditions. Dissolved organic matter, then, has the potential to enhance silica dissolution 
and hence affect silica diagenesis.
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CHAPTER 1
INTRODUCTION
Silica is a major rock-forming component and occurs as several polymorphs. In 
many low-temperature systems, silica precipitates from natural water as amorphous silica 
(opal-A). This occurs either inorganically, as in silicretes, geyserites, and precious opal 
deposits, or organically by diatoms, radiolarians, silicoflagellates, sponge spicules, and 
some terrestrial plants (SEVER, 1962; MIZUTANI, 1977; WILLIAMS et al., 1985). As 
amorphous silica is buried deeper in the sedimentary column, a series o f  diagenetic 
reactions occurs which changes the structure but not the composition o f  the silica phase. 
The generalized sequence is: opal-A (biogenic siliceous ooze) —> opal-CT ->  
cryptocrystalline quartz ->  microcrystalline quartz (MURATA and LARSON, 1975; MITSUI 
and TAGUCm, 1977; MIZUTANI, 1966; KASTNERet al., 1977)(Figure 1.1). These 
transformations most often proceed by sequential solution-precipitation mechanisms in 
which a phase dissolves and the subsequent phase precipitates (CARR and FYFE, 1958; 
KASTNER et al., 1977; STEIN and KIRKPATRICK, 1976).
Silica diagenesis afreets reservoir characteristics as well as petroleum migration 
and accumulation. The silica phase transformation from opal-A to opal-CT is 
accompanied by a major decrease in the porosity and significant increases in density, 
cohesiveness, and brittleness of siliceous rocks. The transformation from opal-CT to
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quartz further increases the density and cohesiveness. Silica phase transitions from opal-A 
to opal-CT to quartz are dehydration reactions that release large amounts of water (SiOz 
n H2O = SiO: + n H2O). The addition of this water to the pore fluids can have a large 
effect on solution processes and pore pressures, and the migration of this liberated water 
can contribute to the migration of hydrocarbons, as well as effect the structural behavior 
of siliceous sedimentary rocks (SNYDER et al., 1983). Successfully predicting the silica 
phase transformations and simulating the diagenetic sequences are very important for 
petroleum exploration.
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Figure 1.1 Diagenetic progression of sedimentary silica phases and their 
relationships to lithology if siliceous deposits. After PisciOTTO (1981).
In this study, the geochemical code package, EQ3/6 (WOLERY et al., 1992), was 
used to investigate the silica phase transitions in the absence and presence o f organic 
matter. A simple system consisting of water and the silica phases, quartz, cristobalite and 
amorphous silica, with or without citrate and oxalate, was modeled first. The equilibrium
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constants for Si-organic complexes (K) were calculated using the data of FOURNIER and 
POTTER (1982) and BENNETT (1991) as discusssed below, and added to the EQ3/6 
database to allow the simulation of silica-organic interactions. Secondly, pore water 
compositions from site 798 of ODP leg 128 in the Japan Sea (S tu r tz  et al., 1992) were 
used in a simulation of water-rock interactions in marine sediments. The pore water 
composition of the surficial sediment was simulated to react with the reported mineral 
suite while temperature, corresponding to increasing burial, was ramped-up in a stepwise 
manner. The resulting temperature profiles were compared with the observed pore water 
profiles. The simulated mineralogical data were compared with downhole mineralogy.
Objectives
It is hypothesized that organic matter affects silica phase transitions through a 
solution-complexation process. Initial efforts to verify the presence of organo-silica 
complexes through laboratory experiments produced no results. Computer modeling 
experiments will be used to investigate this hypothesis and obtain the following objectives: 
( 1) determine how organic matter affects silica solubility in distilled water, (2 ) study how 
the changes in silica solubility affect the rates of silica phase transformations in distilled 
water, and (3) simulate the water-rock interactions and compare the geochemical 
modeling results with observed variations in a sedimentary basin.
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CHAPTER 2
BACKGROUND
Silica Phase Transformations
1) Mechanisms
Amorphous silica is unstable. As amorphous silica precipitated initially from 
natural waters is buried deeper, a series of phase transformation occurs. Opal-A, a 
hydrous X-ray amorphous silica phase with a broad hump in its X-ray diffraction pattern 
at about 3 .8-4.1 Â (Figure 2.1a), subsequently dissolves and opal-CT, an unidimensionally 
disordered, 3-layer structure of low cristobalite with 2 -layer low tridymite domains, 
precipitates, often with the bladed habit, lepispheres (William et al, 1985). The stacking 
disorder of opal-CT is in the [111] direction, and the X-ray diffraction pattern shows the 
low-cristobalite broad peaks at about 4.097 Â and 2.5 Â (Figure 2. lb). At higher 
temperatures or with time, opal-CT transforms to chalcedony and/or microcrystalline 
quartz, the stable silica phase in diagenetic environments (Figure 2.1c, and MIZUTANI, 
1966; KASTNER et al., 1977; WILLIAMS et al., 1985).
Several lines of evidence suggest that silica phase transitions occur by solution- 
reprecipitation mechanisms (CARR and FYFE, 1958; MIZUTANI, 1966; MURATA and 
La r so n , 1975; KASTNER et al., 1977). The first line of evidence is textural. As burial 
progresses, diatom and radiolarian tests fragment and begin to dissolve. Structures
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greater than 1 tun are frequently replaced or rebuilt in smaller units (WILLIAMS et al., 
1985). For example, opal-CT is commonly deposited within tests and pore spaces as 
cement, lepispheres (I-IO trm bladed spheroids), and blades (1 0 -1 0 0  nm), a process which 
could not occur if the transformation proceeded by a solid state mechanism (WEAVER and 
WISE, 1972; OEHLER, 1975; WILLIAMS et al., 1985).
o. H O pol
b.
OCIMO
c.
IS  2 0  2 2  2 4  2 6  2 6  s o  3 2  3 4  3 6  3 6  6 6  6 7  6 8  6 9
Degrees 2 9  (Cu Kq)
Figure 2.1 XRD patterns representing the diagenetic sequence. 
Q= Quartz. Cr = Cristobalite. Tr = Tridymite. a) XRD pattern 
for opal-A. b) XRD pattern for opal-CT. c) XRD pattern for 
quartz. After WILLIAMS et al. ( 1985).
The second line of evidence is an experimental study by ERNST and CALVERT 
(1969). From the results of hydrothermal experiments at 300®C, 400°C, and 500°C at 200 
mpa pressure, they concluded that the mechanism was a solid-state inversion of opal-CT
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to quartz, the rate depending entirely on temperature. STEIN and KIRKPATRICK (1976) 
reinterpreted the experimental results upon examination o f  all the original data and new  
textural data, and suggested a different mechanism. The experimental products were shown 
to contain euhedral quartz crystals that could only have been formed by precipitation from 
solution.
The third line of evidence for solution-reprecipitation is that oxygen isotopic ratios 
are reset between the three diagenetic zones in natural systems. 0 ^ * 0  decreases abruptly 
at the opal-A/opal-CT and opal-CT/quartz boundaries, but remains relatively constant 
within each zone (MURATA et al., 1977). This suggests a reequilibration between the 
solid and solution through a dissolution-reprecipitation mechanism at phase transitions.
The final line of evidence lies in the excessive energy required to break the Si-O 
bond. In a solid state transformation, the Si-0 bond must be broken to reorganize the 
crystal structure. This would require activation energies for the transitions at least equal 
to the bond strength of 89 kcal/mole (WILLIAMS et al., 1985). However, measured 
activation energies are far lower. In KOH solutions, activation energies for the opal-A to 
opal-CT and opal-CT to quartz transitions are 17.0 kcal/mole and 14.3 kcal/mole, 
respectively (MIZUTANI, 1970, 1977), and in pure water, the activation energies for opal- 
CT to quartz is 23 .3 kcal/mole (ERNST and CALVERT, 1969). This explanation for these 
lower activation energies is catalysis by water, i.e., a dissolution-reprecipitation 
mechanisms.
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Textural, isotopic and energetic evidence suggests that silica phase transformations 
proceed by dissolution-reprecipitation mechanism. So any factors that affect the silica 
dissolution rate or solubility will affect silica diagenesis. It has been observed that silica 
phase transformations are controlled by temperature (CAMPBELL and FYFE, 1960; FYFE, 
1962; LEWIN, 1961; ERNST and CALVERT 1969; FOURNIER and POTTER, 1982; 
WALTHER and HELGESON, 1977), but are also affected by pore fluid chemistry (KASTNER 
et al., 1977), pH (CAMPBELL and FYFE, 1960; MOREY et al., 1964; ALEXANDER, 1957 ), 
time (PISCIOTTO, 1981), burial depth, specific surface area (WILLIAMS et a l, 1985), and 
bulk mineralogical composition (MURATA and LARSEN, 1975; KASTNER et al, 1977; 
MIZUTANI and TAGUCHI, 1977; ISAACS, 1982; PISCIOTTO, 1981).
2) Effects o f Temperature
Temperature is the principal control on the rates of silica diagenesis (CAMPBELL 
and FYFE, 1960; FYFE, 1962; LEWIN, 1961; ERNST and CALVERT 1969; FOURNIER and 
POTTER, 1982; WALTHER and HELGESON, 1977). Silica solids show increasing solubility 
with increasing temperatures (FYFE, 1962; KENNEDY, 1950; ILER, 1955; FOURNIER,
1977; SlEVER, 1962). Figure 2.2 shows a continuing increase in the solubility of various 
silica phases with increasing temperature (KASTNER et al, 1977). For silica, we have
SiO:(s) + 2 HzO(l) = H4Si0 4  (aq) AGr = AH, - TAS, (1.1)
Increasing temperature causes the TAS,to become larger which makes AG, more negative 
so that silica solubility increases. Further, temperature increases the rates of diagenetic
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reactions (ERNST and CALVERT, 1969).
BM —
200
25 200 900
TEMPERATURE <®C )
Figure 2.2 Solubilities of the various silica phases vs. temperature. 
After KASTNER (1977).
3) Effects o f  pH
Solution pH has a secondary contra! on silica solubility (CAMPBELL and FYFE, 
1960; MOREY et al., 1964; ALEXANDER, 1957). ALEXANDER (1957) observed that for 
colloidal amorphous silica particles of a constant size, the solubility is independent of pH 
for 2<pH<8, an observation consistent with previous work (GOTO et al., in ILER, 1979).
Figure 2.3 shows the effect of pH on the solubility of amorphous silica (DOVE et 
al., 1994). Below pH 8 , the solubility of amorphous silica is apparently pH independent. 
Above pH 8 , the solubility increases with increasing pH.
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Figure 2.3 Solubility of amorphous silica as a function of pH. After DOVE 
and RIMSTIDT (1994).
Based on FLEMING and C re ra r 's  (1985) results, silica dissolves in solutions of 
pH<7 to produce predominantly undissociated H4Si0 4 ,
Si0 2 (s) + 2  H2 0 (1) = H4Si0 4  (aq) (2 .1)
K = aH4SiO4/(0tsiO2 * Ot̂ H2o) (2 .2)
By convention, the activities of solid silica and water are both unity. Thus asi02 
and aH20 = 1 so that equation (2.2) simplifies to K = aH4Si04 
The degree of saturation (O), defined as
Q = IAP/K,■sp (2.3)
Where lAP is ion activity product; K,p is solubility product.
If Q > 1.0, precipitation should occur while if O < 1.0, dissolution should occur.
Between pH 7 and pH 10-12, silicic acid dissociation and polymerization occur;
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H^SiO^ (aq) = H3Si0 4 " + iT
pK = -log[{H3Si0 4 -}{ IT }/{ H4 Si0 4  (aq)}] (2.4)
4 H4SÎ0 4  (aq) = + 4H2O + 2H"
pK = -log[{Si406(OH)62- XH2O Ÿ { î t f /  {H4 S1O4 (aq)}' ] (2.5)
pKafor equation 2.4 is 9.906 and pK, for equation 2.5 is 10.30.
H3Si0 4 " and Si4 0 6 (0 H)62- contribute to total dissolved silica concentration (Cx) and 
silica solubility increases (FLEMING et al., 1985). In extremely alkaline solutions, the 
species H2Si0 4 2 " becomes significant and total silica solubility can rise still higher.
Knauss and WOLERY (1988) studied the effect of pH on the reaction kinetics at
.11
-12
-13
•16
-17
-18
120 2 4 6 8 1410
pH
Figure 2.4 Quartz hydrolysis rates as a function of pH at 70°C. After KNAUSS and 
WOLERY (1988).
70°C. Their results show that for pH between 1 and approximately 6 , the rate for quartz 
hydrolysis is apparently independent of pH (Figure 2.4). Starting at about pH 6 , the rate 
for quartz hydrolysis increases with increasing pH.
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4) Effects o f Rock Composition
The composition of the rock or sediment also strongly affects the diagenetic 
history (KASTNER et al, 1977; ISAACS, 1982; HEIN et al., 1978). Field observations show 
that the reaction opal-A to opal-CT is faster in carbonate sediments than in clay-rich 
sediments (ISAACS, 1982). Experimental studies conducted to determine what chemical 
component affect the rates show that the transformation rate of opal-A to opal-CT is 
greatly enhanced by solutions high in magnesium and alkalinity in the absence of reactive 
clay minerals (KASTNER et al., 1977). ISAACS (1980, 1982) showed that the presence of 
detrital minerals control the diagenetic rate in natural systems. As illustrated in figure 2.5, 
opal-A transforms to opal-CT earlier in purely siliceous rocks than in detrital-rich rocks. 
Opal-CT in detrital-rich rocks is initially better ordered (implied by smaller d[101]- 
spacing) than opal-CT formed in detrital-poor rocks, and what causes this is less well 
know. The transition of opal-CT to quartz occurs earlier in detrital-rich rocks than in 
detrital-poor rocks.
It is postulated that the increased rate of is caused by the formation of nuclei with 
Mg;OH=l ;2 of critical size at high alkalinity values (KASTNER et al., 1977). These nuclei 
attract silanol groups (-Si-OH-) and thus act as sites of opal-CT nucléation and 
subsequent growth of lepispheres. When the alkalinity decreases, the nucléation of opal- 
CT ceases and the growth of existing opal-CT proceeds. Decreased opal-CT formation 
rates in clay-rich sediments could be explained by competion for available magnesium
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between ion exchange sites in clay minerals and opal-CT nuclei. Neoformed clays would 
also compete for the available OH-, depleting alkalinity (KASTNER et al, 1977).
Relative detrital mineral content (w!%)
Opal-A
OpakC'
70 90
f
Figure 2.5 Schematic summary of relation between detrital mineral content and apparent 
rate of silica phase changes. After ISAACS (1982).
An alternative hypothesis is proposed by WILIAMS et al. (1985). In their work, 
adsorption of silica by detrital minerals is proposed as a relatively simple explanation for 
these observations. In a hypothetical system with a steady-state silica concentration of 30 
mg/kg, resulting from the relative rates of dissolution of opal-A and adsorption by detritus 
(SlEVER and WOODFORD, 1973), opal-CT with a specific surface area (SSA) of ~60 m^/g 
and quartz with a SSA of ~200 m^/g precipitate (Figure 2.6). Progression along the opal- 
A solubility line toward point 2 results in opal-CT precipitation by two paths, 2-4a or 2- 
4b, depending on the system. The detrital-fi*ee system proceeds along arrows 2-4a. The 
detrital-rich system cannot produce a high-SSA opal-CT, because adsorption of silica by
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
13
detrital minerals has reduced the degree of saturation (Q) below saturation for the high 
SSA material and hence follows path 2-4b. In both cases, rates of growth should be 
proportional to fl, so opal-CT production should be faster in the detrital-free system 
(WILLIAMS et al., 1985),
Opol- A
.Q 2 0
«
CO 'O
0 50 ICO 150 200 250
A= Specific Surface Area, m^/g
Figure 2.6 Schematic graph of solubility and surface area for silica 
phases. After Williams et al. (198^).
During opal-CT formation along either path 2-4a or 2-4b, both systems are 
supersaturated with respect to quartz. The detrital-rich system has a higher Q. Thus, the 
opal-CT to quartz transformation should be faster in the detrital-rich than detrital-poor 
system either as the results of a higher degree of saturation (D) or as a result of nucléation 
by detrital quartz (WILLIAMS et al., 1985).
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5) Effects o f Organic Compounds
The effects of organic components on silica solubility and phase transitions are less 
well know (BENNETT et al., 1988; BENNETT, 1991). Siliceous sediments are often rich in 
organic matter. In petroleum-reservoir formation-waters, high concentrations of water- 
soluble organic acid anions have been observed (Caruther  and Kh a r a k a , 1978;
Surd AM et al., 1984). Recent experimental and field studies have shown that organic 
matter may complex silicon thus increasing both the solubility and the dissolution rate of 
quartz (BENNETT and SIEGEL, 1987; BENNETT et al., 1988; FRANKLIN et al., 1994).
The median concentration of dissolved organic species in shallow groundwaters is 
about 1 mg C/L. Concentrations of dissolved organic species in oil field waters (40°C to 
200°C) are much higher than in groundwaters (KHARAKA et al., 1986). Peak 
concentrations usually occur from 80°C to 120°C. Acetate, propionate, butyrate and 
valerate formed as much as 90% of thé organic carbon in these waters. CARUTHERS and 
KHARAKA (1978) and KHARAKA et al. (1983) showed that the concentrations of these 
organic anions were related mainly to subsurface temperatures and ages of the reservoir 
rocks. They suggested that the water-soluble organic anions are generated by 
thermocatalytic reactions in the source rocks.
Surd AM et al. (1984) studied 13 oil-field waters sampled mainly from Cretaceous 
fields in the Rocky Mountains. Monofimtional carboxylic acid was present in 
concentrations up to 10,000 ppm. Difunctional carboxylic anions (e.g. maleate and 
malonate) were present in concentrations up to 25 ppm.
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Dissolved organic species may affect silica phase transformations in two ways:
(1) dissolved organic species may control the pH of the formation water; (2) dissolved 
organic species form soluble complexes with metals and other inorganic species possibly 
silicon, thus enhancing their transport and modifying their diagenetic interaction 
(KASTNER and others, 1977; KHARAKA, 1986).
MESHRI’s experimental study (1986) showed that the hydrogen ion donor capacity 
of organic acids can be 6  to 350 times greater than that of carbonic acid. At low 
temperature, alkalinity is attributed mainly to the aqueous carbonate species. However, 
from 80®C to 120®C organic anions typically dominate alkalinity (KHARAKA, 1986). 
WILLEY et al. (1975) showed that organic anions (C2-C5) can comprise 50 to 100% of the 
measured alkalinity, thus the pH of the waters typically is controlled by organic anions.
Se v e r  and Scott's studies (1963) suggest that organic degradation enhances the 
rates of silica dissolution by increasing the alkalinity and ammonia of the water early in the 
diagenetic process. HiNMAN (1990) studied the effects of organic compounds on rates 
and products of silica diagenesis, the results showed that the rates of opal-A to opal-CT 
transformation are reduced in the presence of organic matter later in the diagenetic 
process.
Strong evidence that organic acids enhance the dissolution of quartz was reported 
by BENNETT and SEGEL (1987). They studied an oil-contaminated, shallow groundwater 
near Bemidji, Minnesota, and found that quartz rapidly dissolved in shallow ground water 
containing high concentrations of petroleum biodégradation byproducts at near neutral pH
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and concentrations of dissolved silica exceeded 1000 [imole/Kg. In experimental systems, 
citric, oxalic, and salicylic acids increased the solubility and dissolution rate of quartz in 
water with the greatest effect found at near-neutral pH (BENNETT et al., 1988). In simple 
aqueous organic electrolyte systems, organic acids accelerate the dissolution rate (k+) of 
quartz as well as the observed solubility of quartz and amorphous silica possibly by a 
complexation mechanism (BENNETT (1991). Other experimental results show that quartz 
solubility was not significantly affected by oxalate and acetate in the pH range of 4.6-4.8; 
however, measured dissolution rates were accelerated by a factor 2 to 4 (FRANKLIN et al., 
1994). Apparently in both natural and experimental systems, the effects are greatest at 
near neutral pH.
Types and Uses of Geochemical Models
Many geochemical models calculate spéciation and mass transfer using reversible 
and irreversible thermodynamics, equilibrium and nonequilibrium, and open vs closed 
systems. They are of great value in understanding natural rock-water systems. In this 
study, the thermodynamic and kinetic code, EQ3/6, is used to investigate the effects of 
organic matter on silica diagenesis. There are three major types of geochemical models; I. 
speciation-solubility; II. reaction-path; III. reaction-transport (MeSHRI, 1985). 
Speciation-solubility models are static, equilibrium representations of aqueous solutions, 
such as a natural formation water. They are commonly used to determine whether 
chemical reactions, such as mineral dissolution and precipitation, are at or near
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thermodynamic equilibrium. The models can be used to calculate activities of ions and ion 
pairs from the analytical concentrations of ions in water. The available codes include 
SOLMINEQ (KHARAKA et al., 1988), WATEQ (PLUMMER et al , 1976), and EQ3 
(WOLERY et al , 1992).
Reaction-path models are dynamic equilibrium models. They must be initialized by 
speciation-solubility models and hence are based on the premise of partial or local 
equilibrium. Reaction-path models divide an aqueous system into a reactant and a product 
subsystem. The reactant subsystem (input from EQ3) consists of an equilibrated aqueous 
solution with or without minerals. The product subsystem is another aqueous solution 
which is not in equilibrium with the reactant subsystem. If the initial fluid is not in 
equilibrium with respect to specified mineral phases, the program first equilibrates solution 
and then calculates the precipitated phases and a new fluid composition. The reaction then 
progresses in terms of a response to pressure and temperature changes. EQ6  is a typical 
reaction-path model (WOLERY et al., 1992).
Reaction-transport models use mass balance equations to account for mass 
transport and reactions in porous media. These models couple geochemical reaction 
modeling, fluid flow, and solute transport processes. Reaction-transport models can 
produce spatial and temporal patterns of diagenesis and therefore indicate evolution of 
porosity in space and time. GENEX is a reaction-transport model (ORTOLEVA et al., 
1990).
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EQ3/6 is one of the most advanced, publically-available, geochemical modeling 
codes. Some of the capabilities of EQ3/6 include (1) access to a large thermodynamic 
data base, (2) generalized reaction-path capability, (3) provision for incorporation of 
reaction kinetics in both dissolution and precipitation, (4) a variety of activity coefficient 
models, including the Pitzer model, and (5) treatment of solid solutions. Table 2.1 shows 
the major size and applicable temperature constraints of five EQ3/6 data files. For these 
reasons, EQ3/6 was used in this modeling exercise.
Table 2.1 Major characteristics of the current five EQ3/6 data files
File Name 
(Suffix)
Temperature
Limits
e c )
Number of 
of chemical 
elements
Number of 
basis 
species
Number of 
aqueous 
species
Number of 
pure 
minerals
Number of 
solid 
solution
Number of 
gas 
species
com 0-300 78 147 852 886 12 76
sup 0-300 69 105 315 130 0 16
nea 0-300 32 50 158 188 0 76
hmw 25 only 9 13 17 51 0 3
pit 0-100 52 62 68 381 0 38
After WOLERY T. J. (1992)
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CHAPTERS
METHODS
The EQ3/6 geochemical modeling codes are used to study the effects of organic 
materials on silica phases transformations. To accomplish this goal, the following steps 
have been used: for a simple system, compare solubility, species distribution, and mass 
transfer for silica in a pure water system, in the presence and absence of organic matter, 
using EQ3/6; and for a natural system, (1) compile water chemistry, mineralogy, thermal 
history, organic matter content and other pertinent data for a sedimentary basin; (2 ) 
simulate the water-rock interactions in this sedimentary system; (3) compare the results of 
the simulation with the observed mineralogical data
Silica Diagenesis in Simple Systems
Transition-State Theory (TST) is a theory that provides a link between kinetics 
and thermodynamics. The transition state is defined as including those configurations 
corresponding to the top of the potential-energy barrier. Any system with a configuration 
within the transition state is called an activated complex. In TST, the energy of reacting 
chemical species is examined along a reaction coordinate, that is, from the individual 
reactions A and B to the activated complex (AB)* to product P. Then the rate of reaction
19
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
20
can be formulated as the product of [(AB)* ], the concentration of the activated complex, 
and k*, the rate constant for transformation of the activated complex to products, thus
rate = d[P]/dt = k*[(AB>* ] (3.1)
For reaction in solution, a simplification of TST is introduced in which 
pseudoequilibrium between reactants and the activated complex is assumed (sometimes 
called the “thermodynamic” approach), then
{( AB)*}/{A){B} -  K» = [ / / / a / b ] [ (  AB)»]/[A][B] (3.2)
Neglecting the activity coefficients, we then write
d(P]/dt = k*[(AB)*] = k»K»[A][B] (3.3)
Thus the rate constant of the overall reaction is related to the equilibrium constant for the 
activated complex. The free energy of activation is defined as
AG* = -RTlnK* (3.4)
Thus we may express the rate constant k*K* in terms of AG*. Then
k*K* = k* exp {(-AG*)/RT> (3.5)
Thus the reaction kinetics are related to thermodynamic properties of the activated 
complex.
The TST and the dissolution rate constants (k+, mol m ̂  sec.'*) of Rimstidt and 
Barnes (1980) were used to simulate the diagenetic reactions. The k+ values were 
computed from the following equations:
log k+ (qtz) = 1.174 - 2.028* lO'^T - 4158/T (3.6)
log k+ (cristobalite-P) =-0.936 - 3392/T (3.7)
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log k+ (amorphous silica) = -0.369 - 7.890* lO'^T - 3438/T (3.8)
Stability constants for organic complexes of silicon were calculated as follows, and 
added to the EQ3/6 database. Oxalate, citrate, and their complexes with Si were added to 
EQ3/6. The equilibrium constants for Si-organic complexes (K) were calculated using the 
data of Fo urnier  and Potter  (1982) and Be n nett  (1991). it was assumed that
Figure 3.1 Schematic graph for stepwise simulation
EQ6 ran until equilibrium 
with opal-CT approached
EQ6 run until equilibrium with 
quartz nearly approached
Output
System is equilibrated 
with quartz.
Input
Amorphous silica + pure water ± 
citrate.
Reaction allowed I) dissolution, 
and/or
precipitation of Si02 (am), 2) 
dissolution, and/or precipitation of 
opal-CT.
output/input
system equilibrium with opal-CT. 
Reaction allowed 1) dissolution, and/or 
precipitation of Si02 (am),
2) dissolution, and/or precipitation of 
opal-CT,
3) dissolution, and/or precipitation of 
quartz.
Si(OH)4 and Si-organic complexes were the only aqueous silica species that contribute to 
total dissolved silica concentration (SSi) in the presence of organic matter For example, 
to calculate the K for Si-oxalate complexes at 25°C, it is assumed ZSi = Si(OH)4 + 
C2 0 4Si(0 H)2  ZSi and Si(OH)4 were 10 ̂  ’  ̂m (BENNETT, 1991) and 10' "  m (FOURNIER 
and POTTER, 1982). Therefore, the concentration of C204Si(0 H)2= ZSi - Si(0 H)4 = 
jq -3 90 jjjg  value was then calculated based on the following equation;
Si(OH)4 + C2O4” = C2 0 4Si(0 H )2+ 20H-
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K =  {C204Si{0H)2>{0H-}2/{Si(0H)4}{C204 "} (3.9)
Table 3.1 Input reactants and solution composition for a simple system
Water Composition Reactants
Species Concentration (mole/kg) Mineral Moles
T (”C)
Si02
pH
with/without
CeĤ O?--
40-70 
Silica (am) saturation 
7.0
0.002
Amorphous silica 
Cristobalite-P
Quartz
0.01664
0.00001
0.00001
The dissolution constants (k+) for quartz were taken jfrom Ben n ett’s work 
(1991). Organic matter also increases the disolution rate and solubility of amorphous 
silica and other silica species (BENNETT et al, 1988; BENNETT, 1991). But the 
dissolution constants (k+) for them were not reported. Due to lack of experimental data, 
the k+ values for cristobalite-P and amorphous silica in organic conditions were derived 
from the k+ of quartz assuming here their ratios to be same as in inorganic conditions (See 
Table 3.2). For instance, at 40°C, the k+ of quartz in 0.002 m citrate solution is 1.000*10' 
** (BENNETT, 1991), and the ratios of k+ values for amorphous silica and cristobalite-P 
relative to quartz are 13.97 and 9.377 in inorganic conditions, respectively. So the k+ 
values for amorphous silica and cristobalite-P in the presence of citrate are 
13.97*1.000*10 *̂ and 9.377*1.000*10'*^, respectively. The other conditions (e.g. 
temperature, reactants, pH) are the same as those in the absence of citrate
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Table 3.2 Dissolution constants for quartz, cristobalite-P, and amorphous silica
Reactants Dissolution Rate (k+)
In the absence of citrate In the presence of citrate
@40°C @70°C @40°C ®70°C
Si02 (am) 2.512*10" 2.170*10" 1.397*10" 9.559*10"
Cristobalite-p 1.686*10" 1.496*10" 9.377*10" 2.921*10"
Quartz 1.798*10" 2.270*10" 1.000*10" 1.000*10"
To demonstrate the effects of organic matter on silica diagenesis, three sets of
computer simulations were conducted. In all simulations, a reaction-path model was used.
Pure water at pH 7 and at two temperatures (40°C and 70'^C) was the model solution.
Organic matter (citrate) was added in a concentration of 0.002 m.
In the first set, silica transitions were simulated using a step technique (Figure 3.1). 
In the first step, the reactants, amorphous silica and cristobalite, were allowed to dissolve 
and/or precipitate from the system until equilibrium with opal-CT was observed. The 
composition of the last point in the first step was put into the second step. In the second 
step, the reactants, amorphous silica, opal-CT, and quartz, were allowed to dissolve and 
precipitate. Table 3.1 shows the input reactants and solution compositions for this series 
of simulations.
In the second set of modeling experiments, the kinetic model of EQ3/6 was used 
(Figure 3.2). The reactants, amorphous silica, cristobalite and quartz, were allowed to 
dissolve and/or precipitate from the system until equilibrium with quartz was observed.
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Two closed-system, reaction-path calculations were configured, one with and one without 
the organic matter.
Figure 3.2 Schematic graph for kinetic modeling simulation
Output
System is equilibrated 
with quartz
Input
Amorphous silica + pure water ± citrate 
Reaction allowed 1) dissolution, and/or 
precipitation of Si02 (am), 2) dissolution, 
and/or precipitation of opal-CT, 3) dissolution, 
and/or precipitation of quartz
In the third set of modeling experiments, the simulation constraints are the same as 
those in the second set except for the initial SiOz concentration. The initial SiOz 
concentration was that of average seawater (4.28 ppm; WOLERY et al., 1992), instead of 
equilibrium with amorphous silica as defined in the first two sets. Table 3 .3 shows the 
input reactants and solution compositions for the third set of modeling experiments
Table 3.3 Input reactents and solution composition for pure water system
Water Composition Reactants
Species Concentration (mole/kg) Mineral Moles
TCC) 40-70
Si02 4.28 (ppm) Amorphous silica 0.01664
pH 7.0 Cristobalite-P 0.00001
with/without
CaHeOr- 0.002 Quartz 0.00001
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Water and Rock Interaction in a Natural Sedimentary Basin
Initial input rock and water compositions from the sediments of the Japan Sea 
(D ersch , 1992; Sturz  et al,, 1992) were used to simulate water-rock interactions in 
marine sediments (Table 3.4). The step technique was used to simulate water-rock 
interactions at different depths. The simulations were run isothermally for selected time 
intervals which correspond with depth according to the sedimentation rate.
Table 3.4 Input reactants and solution composition for a natural system
Water Composition Reactants
Species Concentration
(mole/kg)
Mineral Moles
Na+
Si02 
Ca+ +
K4-
Mg+ +
HC03-
Cl-
N03-
S 04-
A1+ + +
Fe+ +
Mn+ +
Sr+ + 
HP04- 
02 (aq) 
pH
with/without
Acetate
Oxalate
Citrate
T(°C)
0.03340
0.00062
0.01018
0.01360
0.05180
0.00772
0.54600
0.00038
0.02510
0.00020
0.00020
0.000028
0.000132
0.000040
0.000412
7.7
3000 ppm 
0.002 
0.002
0-58
Plagioclase
Amorphous silica
Chlorite-ss
Quartz
Illite
Kaolinite
Microcliae
Cristobalite-P
0.03939
0.16643
0.01209
0.25464
0.12530
0.03424
0.01189
0.00010
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The temperatures at the end of each step correspond with depth according to the 
geothermal gradient. The composition of the last point in the previous step was put into 
the next step as the reactants.
To evaluate the role of organic matter in rock diagenesis, acetate, oxalate, and 
citrate anions were put into the EQ3/6 database. Organic-cation complexes, such as 
Ca(oxalate), Mg(oxalate), K(oxalate)', Ca(citrate) Mg(citrate) ", were also added to 
EQ3/6 database.
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CHAPTER 4
RESULTS AND DISCUSSION
Results for Simple System With and Without Organic Matter
Step-Model Calculations
Silica concentration and masses of silica phases, as calculated by EQ6 , were 
fairly constant over the first 5,000 years at 70°C (Figure 4. la). During this period, 
amorphous silica dissolved. The rate of cristobalite-P precipitation was low and silica 
concentration decreases slowly. Silica concentration decreases rapidly at 8,500 years 
corresponding to the maximum rate of cristobalite-P precipitation. After 8,500 years, 
cristobalite-P was the dominant silica phase. Silica concentration continued to 
decrease, reducing saturation with respect to cristobalite-3 until 12,000 years. When 
the degree of supersaturation was sufficiently low, the rate of cristobalite-P 
precipitation approached zero. In the next step at 12,000 years, quartz was allowed to 
precipitate. Quartz precipitated from the solution, reducing silica concentrations and 
resulting in undersaturation with respect to cristobalite-p. Cristobalite-P dissolved and 
silica reprecipitated as quartz. More than 90 % of the silica was transformed into 
quartz, the rate of quartz precipitation approached zero, and the reaction terminated.
27
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Figure 4.1 Si concentration and masses of silica phases vs. time in pure water at pH 
=  7.0. (a) Simulation results at TO’̂ C. (b) Simulation results at 40°C.
At 40°C, a similar trend is observed but at a slower rate. Silica concentration 
and masses of silica phases as calculated by EQ6  were fairly constant over the first
48,000 years at 40°C (Figure 4. lb). The maximum rate of cristobalite-P precipitation
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occurs at about 60,000 years, about seven times longer than at 70°C. The rate of 
cristobalite-p precipitation approached zero at 95,000 years. In the next step at 95,000 
years, quartz was then allowed to precipitate. Again, more than 90 % of silica was 
transformed into quartz, the rate of quartz precipitation approached zero, and the 
reaction terminated at 190,000, about 6.7 times longer than at 70°C.
Compared to the simulation results in the absence of organic matter, two major 
differences were noted in the presence of organic matter at 70°C (Figure 4.2a). First, 
the Si concentration was much higher at any given point in the model in the presence of 
organic matter than in the absence of organic matter. The initial and final Si 
concentrations in the presence of organic matter were 154 ppm and 40 ppm, 
respectively. Whereas, in the absence of organic matter, these values were 126 ppm 
and 16 ppm, respectively. Calculated results by EQ3 showed Si(OH>4 is the only 
major silica aqueous species in the solution. When citrate is present, the silica-citrate 
complex (CgHgO? SiOH) was about 26% to the total aqueous silica hence increasing the 
total silica concentration. Second, silica phase reactions proceeded more rapidly in the 
presence of organic matter. The rates of amorphous silica dissolution and cristobalite-P 
precipitation reached their maximum values at about 200 years, compared to 8,500 
years in the absence of organic matter.
In the identical model, run at lower temperature (40°C), reactions proceed at a 
much lower rate (Figure 4.2b). Again, higher Si concentration are observed in the 
presence of organic matter than in the absence of organic matter. Silica phase reactions
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Still proceeded more rapidly in the presence of organic matter. The rates of amorphous 
silica dissolution and cristobalite-p precipitation reached their maximum values at
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Figure 4.2 Si concentration and masses of silica phases vs. time in pure water with 
0.002 m citrate at pH = 7.0. (a) Simulation results at 70°C. (b) Simulation results at 
40°C.
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about 1 ,1 0 0  years, compared to 60,000 years in the absence of organic matter.
Kinetic-Model Calculations
Simulation results show that amorphous silica dissolved into the solution at 70°C 
(Figure 4.3a). Cristobalite-P precipitated from the solution before quartz. Over the first
1 ,0 0 0  years, cristobalite-P precipitated from solution rapidly, corresponding to a quick 
drop of Si concentration. Quartz also formed but at a much lower rate. From 1,000 to 
about 3,700 years, the cristobalite-3 precipitation rate slowed, as a result of a decrease in 
supersaturation. The amount of cristobalite-3 reached a maximum at about 3,700 years, 
after which it began to dissolve. Quartz precipitated also during this period reaching a 
maximum rate of precipitation at about 5,100 years. More than 90% of the starting 
amorphous silica was converted into quartz at the end of the reaction.
Figure 4.3b shows amorphous silica generally dissolved into solution at 40°C. 
Cristobalite-3 precipitated from solution before quartz. Over the first 6 ,0 0 0  years, 
cristobalite-3 formed rapidly, corresponding to the quick drop of Si concentration. At 
about 35,000 years, the amount of cristobalite-3 reached its maximum value. As 
cristobalite- 3  and quartz formed, silica was removed from solution causing 
undersaturation with respect to cristobalite-3 Cristobalite-3 then dissolved. At the end 
of the reaction, more than 90% of the silica was converted into quartz. The whole 
reaction path took 92,000 years.
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
3 2
Followings are the simulation results in the presence of organic matter. Figure 
4.4a shows the silica phases transitions vs, time calculated by EQ6  in the presence of 
0.002 m citrate Similar phenomena were observed here as in the step-wise simulation 
(Figure 4 .2a). First, the Si concentration was much higher in the presence of organic
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Figure 4.3 Si concentration and masses of silica phases vs. time simulated by EQ6  kinetic 
model in pure water at pH = 7.0. (a) Simulation results at 70°C. (b) Simulation results at 
40°C.
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matter than in the absence of organic matter. Secondly, silica phase reactions proceeded 
rapidly in the presence of organic matter. The amount of precipitated cristobalite-p 
reached its maximum value at 100 years, compared to 3,700 years in the absence of 
organic matter and the whole reaction took only about 380 years in the presence of
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Figure 4.4 Si concentration and masses of silica phases vs. time simulated by EQ6  kinetic 
model in pure water with 0.002 m citrate at pH = 7.0. (a) Simulation results at 70°C. (b) 
Simulation results at 40°C.
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organic matter instead of about 17,000 years in the absence of organic matter.
Figure 4.4b shows the simulation results run at the same conditions as in figure 
4.4a, but at a lower temperature, 40°C. Over the first 150 years, cristobalite-p 
precipitates rapidly and the rate of cristobalite-P precipitation reached a maximum at about 
150 years, compared to 6 ,0 0 0  years in the absence of organic matter under the same 
conditions. Quartz formed at a much lower rate over this period. At about 620 years, the 
amount of cristobalite-P reached a maximum, about 55 times faster than that in the 
absence of organic matter. The Si concentration was much higher in the presence of 
organic matter than in the absence of organic matter.
Figure 4.5a shows the silica diagenesis in pure water at 40°C. The initial input 
(Table 3 .3) was run at the same conditions as in figure 4.4b except the initial Si 
concentration which was average sea water value (4.28 ppm) instead of saturated with 
amorphous silica. Compared to the results using opal-A saturation as a starting point 
(Figure 4.4b), the general trend is similar, but the Si concentration is lower than in the case 
shown in figure 4.4b. This is due to the presence of cristobalite-P and quartz initially that 
prevent the Si concentration from building up. The silica phase transitions proceeded 
slowly in this case.
Figure 4.5b shows the simulation results run at the same conditions as in figure 
4.5a, but in the presence of citrate anions. The presence of citrate anions also affects Si 
concentration and silica phase transitions. First, the Si concentration was higher in the
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presence than in the absence of organic matter. Secondly, silica phase reactions proceeded 
rapidly in the presence of citrate anions.
The relative amount of silica phases precipitated as calculated using EQ6  in this
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Figure 4.5 Si concentration and masses of silica phases vs. time simulated by EQ6  kinetic 
model in pure water at 40°C. (a) Simulation results in pure water without organic matter, 
(b) Simulation results in the presence of organic matter.
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work, compared well to other experimental results (MIZUTANI, 1966, 1977), and to a 
natural system (KASTNER and SlEVER, 1981)(Figure 4.6).
MIZUTANI (1966, 1970) investigated the silica phase transitions experimentally.
His studies showed that amorphous silica was converted into quartz through cristobalite 
under hydrothermal conditions. The transformation is considered to be a consecutive 
reaction involving two first-order reaction steps, and it is expressed by the following 
equations;
a = e-“'‘ (4.1)
c = kl/(k2-kl) * e'"'' + e"^ { e*^‘ - k2/(k2-kl) * (4.2)
q = 1 - k2/(k2-kl) * e^^' - e"^ { e"^' - k2/(k2-kl) * (4.3)
Where a = relative amount of amorphous silica; c = relative amount of cristobalite; 
q = relative amount of quartz; kl = rate constant of reaction from amorphous silica to 
cristobalite; k2  = rate constant of reaction from cristobalite to quartz; t = reaction time;
T = induction period.
He established a kinetic model for the transitions of silica based on his 
experimental results. In his model, the silica transitions were treated kinetically by 
assuming the ultimate product was quartz and that the transformation process was divided 
into two steps from amorphous silica to cristobalite and from cristobalite to quartz. The 
present simulation results (Figure 4.6a), as a whole, agreed well with MIZUTANI's work 
(Figure 4.6b). Both the present simulation results and MIZUTANI’s work showed that
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amorphous silica was converted to cristobalite in the early stage and to quartz in the later 
stage. Further the amount of amorphous silica decreased as quartz increased with 
intermediate amounts of cristobalite between their maxima.
Figure 4.6c and 4.6d show the distribution of opal-A, opal-CT and total quartz
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Figure 4.6 Simulation results of mineralogical compositions of silica and the comparison 
with the observed profile and MIZUTANI’s results, (a) The present simulation results.
(b) MiZUTANl’s calculation results, (c) Observed profile of silica phases modified from 
KASTNER and SlEVER’s work (1983). (d) The detailed observed profile between two sills.
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with depth at Deep Sea Drilling Project site 478 in Guaymas Basin. The Guaymas Basin is 
a tectonically active site in the Gulf of California with high heat flux, high sedimentation 
rates and high concentrations of organic matter (CHERNOVA et al., 1992). Site 478 is 
located in the basin between the two active spreading rifts. The sediments are 
hemipelagic, diatomaceous, silty muds intruded by basaltic sills. Biogenic opal-A is the 
most abundant phase and also the most reactive one in the sediments (KASTNER et al., 
1983). At or near contacts with sills, opal-A inverts directly to quartz. Opal-CT forms 
only in the sediments sandwiched between adjacent sills, an environment which prevents 
rapid convective dissipation of silica in solution and allows the silica concentration to 
reach saturation with respect to opal-CT (KASTNER et al., 1983).
The simulation results did not match well with the observed down-hole 
mineralogical profile of the entire core (Figure 4.6c). My model simulated a closed, 
isothermal system, whereas the observed profile is an open, more complex system. When 
compared to the observed profile between two sills, the equivalent of a closed system 
(Figure 4.6d), the simulation results matched the observed profile fairly well. It is because 
the conditions in the simulation are constrained closer to the conditions found between 
these two sills than to those of the entire sediment column.
Results for Water-rock Interactions in Sedimentary System in Japan Sea
Following is the general geologic setting o f  another natural system chosen for studies o f  
water-rock interactions in a sedimentary system, and results o f  the modeling simulations.
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
3 9
Regional Geologic Setting, Japan Sea
The Japan Sea has been widely viewed as a prime example of a back-arc basin ever 
since the emergence of the concepts of convergent margin evolution (Ingle et al, 1990). 
The Japan Sea lies on the eastern margin of the Eurasian plate and is separated from the 
Philippine, Pacific, and North American plates by a complex border.
At least three structural and physiographic provinces have significance for crustal 
structure (1) deep basinal areas, such as the Japan and Yamato Basins; (2) block-faulted 
ridges, such as the Yamato Rise; and (3) an eastern margin consisting of a complex of 
north-trending tectonic ridges and silled basins bounded by active thrust and reverse faults 
(TAMAKI et a l, 1990).
The Japan Sea represents the best studied of the many back-arc basinal complexes 
rimming the western Pacific, with multiple marine geophysical and geological surveys, 
DSDP drilling data, ODP data, and extensive onshore geological data from the 
surrounding areas of Japan, Korea and the former U S S R, providing an unusually rich 
context in which to interpret its history. These data indicate that the Japan Sea began to 
form by continental rifting in mid-Tertiaiy time, was fully developed via back-arc 
spreading by middle Miocene time, and is now in the initial stage of compressive 
deformation and collapse (INGLE et al., 1990).
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Sedimentary structure and lithofacies
The Japan Sea is characterized by a Miocene and Pliocene hemipelagic 
sedimentary section which is draped over acoustic basement and is conformably and 
unconformably overlain by uppermost Pliocene and Quaternary hemipelagic and 
terrigenous sediments. The thicknesses, distributions, and character of these sediments 
vary directly with each of the principal structural and physiographic provinces.
In the basinal areas, the sedimentary section locally reaches thicknesses o f2,000- 
3,000 m. The section consists of two principal divisions. The upper interval is moderately 
well-stratified and reflective, and is composed of interbedded clays, silts, and sands of late 
Pliocene and Quaternary age. Underlying these sediments is a seismically transparent 
interval consisting of Miocene and lower Pliocene hemipelagic diatomaceous silts, clays, 
and siliceous claystones (TAMAKI et al., 1990).
Ocean Drilling Program (ODP) Leg 128 was carried out in the Japan Sea in 1989. 
Three sites were drilled during Leg 128. Site 794 was drilled in the Northeastern part of 
the Yamato Basin, site 798 was drilled on the Oki Ridge, and site 799 in the Kita-Yamato 
Trough (Figure 4.7).
The sedimentary sequences recovered at site 798 and site 799 during leg 128 
consist predominantly of biosiliceous and diagenetically-altered siliceous sediments. There 
are five basic lithofacies or stratigraphie units encountered sequentially downhole in both 
site 798 (Oki Ridge) and site 799 (Kita-Yamato Trough).
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
41
Unit I is characterized by a variegated suite of diatomaceous ooze, diatomaceous 
clay, clay, and silty clay. This unit reaches a thickness of 220 m at site 799 and 
encompasses only Quaternary age (0-1.88 Ma) sediments, whereas the unit is 170 m thick 
at site 798 and includes upper Pliocene (2.4 Ma) to Holocene sediments. The upper 
portion of unit I is enriched in siliciclastic material.
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Figure 4.7 Location map o f the Japan Sea showing Leg 128 sites 794, 798 and 799. 
After Ingle et al. (1990).
Unit II is marked by common biosiliceous oozes, clays, and mixed sediments, 
which are intercalated with diagenetic carbonates at site 799, whereas this unit is barren of
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carbonate at site 798. Unit II includes 235 m of sediments at site 798 that range from 
latest to late Pliocene in age. At site 799, Unit III is 287 m thick and was deposited 
during late Miocene through late Pliocene time.
Unit III consists of siliceous claystones and porcelanites, unit III sediments reach a 
thickness of 343 m at site 799 and range from middle to late Miocene in age. Only 63 m 
of unit III were penetrated at site 798, and this yielded a late to late-early Pliocene age. 
Importantly, the boundary between unit II and unit III is defined by the transformation of 
opal-A to opal-CT and a corresponding increasing in mean wet-bulk density.
Unit IV is finely laminated to thinly bedded siliceous claystones and porcelanites. 
This unit is 220 m thick at site 799 and ranges from early to middle Miocene in age.
Unit V is characterized by the presence of coarse-grained siliciclastic sand beds. A 
total of 64 m of these distinctive sediments were cored at site 799. The sands in unit V 
are immature and comprise mostly angular to subrounded quartz grains, as well as grains 
of feldspar, glauconite, biotite, pyrite and rock fragments.
The diagenetic history of the sediments encountered at Leg 128 sites is dominated 
by changes in silica phases. The diagenetic boundary between sediments containing 
biogenic opal-A and those containing opal-CT forms a distinctive lithologie and seismic 
marker at all sites. Opal-A is the primary silica phase in uppermost Miocene to 
Quaternary sediments. The transition from opal-A to opal-CT is clearly seen at all of the 
sites, but at different depths below the seafloor in sediments of different ages and at 
different temperatures (Table 4.1). Based on the thermal gradients, opal-A is transformed
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to diagenetic opal-CT in the temperature ranges from 36®C to 51°C at the three sites 
(Table 4.1). This transition is remarkably abrupt, commonly confined to one 1.5-m core 
section. The estimated temperature of transformation of opal-CT to quartz is 49-62°C.
Table 4.1 Temperatures (”C), and Depth (mbs!) at the opal-A/opal-CT 
transformation boundary and ages (Ma) of the host rocks.
Site 794 798 799
Temp. 36.5 51.0 46.0
Depth 293.5 455 499
Age 8 .0 3.8 6.4
After TaMAKI etal. (1990)
Sediment accumulation rates and thermal history
Estimates of sedimentation rates for Leg 128 sites are based on diatom 
stratigraphy and paleomagnetic reversals above the opal-A/opal-CT boundary. Below this 
diagenetic boundary, age control is provided mainly by sparse calcareous nannofossils and 
planktonic forminifers.
Sedimentation rates are variable and show few trends. Rates of sediment 
accumulation at site 798 range from less than 45 m/m y. to more than 261 m/m y , with an 
average rate of 121 m/m.y. The sedimentation rate for the upper Quaternary portion of 
the site 798 is about 120 m/m.y.
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Estimated rates of sedimentation at site 799 vary from 1 m/m.y. to more than 175 
m/m.y. with an average rate of about 70 m/m.y. Accumulation rates in the late Quaternary 
are in excess of 100 m/m.y. (iNGLE et al., 1990).
Temperature
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A fter LANGSÊTH e t  al. (1992)
Table 4.2 Geothermal measurements during Leg 128: Japan Sea
Hole Temperature 
gradient (K/m) 
(K/m)
Conductivity 
Average Heat flow
(W/m.K) (mW/m2)
794A 0.118 0 .8 8 6 105
798A 0.116 0.874 101
799A 0.095 0.965 91.7
After LANGSETH and TAMAKI (1990).
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The downhole temperature measurements at each site describe a linear increase 
with depth and with thermal resistance, indicating that the thermal gradients and heat flow 
are uniform with depth (Figure 4.8). The heat flow value at site 794 in the Yamato Basin 
is 105 mW/m2. The heat flow value observed at site 798 on the top of the Oki Ridge is 
about 102 mW/m2. Site 799 is located in the floor of a deep, sediment-filled rift that cuts 
northeast ward across the Yama to Rise. Measured heat flow value range between 55 and 
128 mW/m2. The average heat flow measurements is 90 mW/m^.
Reliable temperature measurements are used to estimate the gradient at each site 
by a linear least-squares fit of temperature vs. depth (Table 4.2 and Figure 4.8).
Simulation Results
The chemical composition of the pore water changed with depth as a result of 
water-rock interactions. The first significant process that occured in the simulation was 
the dissolution of plagioclase, amorphous silica, illite, and chlorite at shallow depth. These 
reactions increased Ca, Na, K, and Si concentrations. The growth of kaoHnite, smectite 
(Na-nontronite), and microcline is apparently a product of the dissolution of the 
plagioclase, illite, and chlorite.
The simulation results showed that calcium concentration decreased between the 
surface and about 70 mbsf * (Figure 4.9a). This may indicate that inorganic calcium or
* mbsf = meters below sea floor.
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Figure 4.9 Simulation results of interstitial water composition vs. depth at site 798 of 
Japan Sea in comparison to the observed profiles.
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calcium-magnésium carbonate formed hence removing Ca from the interstitial water. The 
simulation results indicate that the formation of the authigenic inorganic calcite occurred 
at shallow depth (Figure 4 .10a). The presence of well-formed carbonate rhombs that are 
observed as shallow as 5 mbsf at site 798 validates the simulation results (iNGLE et al., 
1990 and Figure 4.10c) Increased dissolved calcium concentration in the simulated 
profile and in the observed profile below 70 mbsf may be caused by dolomitization of 
existing calcite (releasing Ca and removing Mg). The simulated and observed profiles of 
dissolved calcium concentration agreed well.
The simulation results show that Mg concentration decreased with increasing 
depth (Figure 4.9b). Dolomite formed at shallow depth in the simulation experiments and 
may be the cause of Mg removal. The simulation experiments matched the observed data 
well below 50 mbsf (Figure 4.9b). Further, dolomite nodules and crusts were observed in 
the cores at about below 40 mbsf validating the modeled results (MURRAY et al., 1992 and 
Figure 4.10c).
The simulation results showed that dissolved silica concentration increased with 
increasing burial depth and reaches a maximum at about 230 mbsf. This was caused by 
the dissolution of opal-A and other silicate minerals with increasing depth; the observation 
in the cores showed dissolution of opal-A with increasing depth which validated the 
modeling results. The simulation results indicated that at about 350 mbsf opal-CT formed, 
corresponding to a decrease in dissolved silica; these changes are also observed in the
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downhole cores. The Si concentration calculated by EQ3/6 is higher than the observed 
profile, but the general trends are similar (Figure 4.9e).
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Figure 4.10 Distribution of authegenic minerals by simulated results and observed 
distribution of minerals at site 798, Japan Sea. (a) and (b) simulated results of distribution 
of authegenic minerals, (c) and (d) observed distribution minerals.
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K concentration increased from a shallow depth to about 400 mbsf in the
simulation results (Figure 4.9c), possibly caused by the dissolution of detrital illite. In the
observed profile, K concentration also increased from a shallow depth to about 400 mbsf. 
This is due to the buildup of high NH4  concentration, and ion-exchange reactions with
solid phases (MURRAY et al., 1992). Below 400 mbsf, the simulation results showed that
K was removed from the solution due to the formation of microcline. At greater depth in
the observed profiles, removal of K was possibly due to the alteration of basement rocks
and the transformation o f  smectite to illite (Murray  et a l , 1992).
Chloride concentration, a conservative element, in the simulation results remained
nearly constant (Figure 4.9d). The simulation results matched the observed profiles very
well. The simulation results of pH and the observed profiles agreed with each other
(Figure 4.9f). pH was possibly controlled by decomposition of organic carbon, diffusive
exchange between Alkalinity, NH4 and sediments, and replacement of Na, K, and Mg in
clay mineral ion exchange. The simulation results show that pyrite, siderite and a 
manganese phosphate mineral (MnHPO^) were formed along the reaction path. These are
consistent with the observed profiles (MURRAY et a l , 1992).
The presence of organic matter did not affect the timing or type of processes 
occurring in the simulation experiments. No differences in Si concentration, and sequence 
and rate of silica diagenesis were observed. Organic matter was complexed more strongly 
by cations other than Si. For example, major cations such as Câ "** and Mg which are 
present in large excess relative to the organic compounds, should outcompete Si and
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occupy the available binding sites. The simulation results showed that almost all citrate 
ions were complexed by Ca, Mg, and other cations (Table 4.3). For this reason, no effects 
on Si concentration and silica diagenesis were observed in the simulations. Under 
conditions with sufficient organic acid anions, or little Ca/ Mg, organic matter may play an 
important role in silica diagenesis; such conditions may be found in petroleum-reservoir 
formation-waters, high organic-content brines, ect.
Table 4.3 Aqueous species accounting for 99% or more of citrate
Species Molality Per cent
Ca CôHôOt 9.01*10-4 45.05
Ca CôHsOt 2.13*10-4 10.65
Mg CgHgO? 7.01*10-4 35.05
Mg'CôHsO? 1.204*10-4 6 .0 2
K CgHgO? 4 42*10^ 2 .21
K CeHjO," 1.10*10^ 0.55
Total 1.9906*10-4 99.53
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CONCLUSIONS
In this study, the geochermical modeling codes, EQ3/6 (WOLERY et al., 1992), 
were used to examined the hypothesis that organic matter affects silica phase transitions 
through a solution-complexation process. First, a simple system consisting of water and 
silica phases, quartz, cristobalite and amorphous silica, with or without citrate and oxalate, 
was modeled at two temperatures (40°C and 70°C). Secondly, water-rock interactions in 
marine sediments in the Japan Sea were simulatd. The pore water composition of the 
surficial sediment was simulated to react with the reported mineral suite while 
temperature, corresponding to increasing burial, was ramped-up in a stepwise manner.
The equilibrium constants for Si-organic complexes (K) were calculated using the 
data of FOURNIER and POTTER (1982) and BENNETT (1991) It was assumed Si(0 H)4 
and Si-organic complexes were the only aqueous silica species that contribute to total 
dissolved silica concentration (ZSi) in the presence of organic matter. The K value was 
then calculated accordingly, and added to the EQ3/6 database to allow the simulation of 
silica-organic interactions. Acetate, oxalate, citrate anions, and organic-cation complexes, 
such as Ca(oxalate), Mg(oxalate), K(oxalate) , Ca(citrate) ", Mg(citrate) ", were also added 
to EQ3/6 database to allow simulation of water-rock interactions in the presence of 
organic acid anions, and hence to evaluate the role of organic matter in rock diagenesis.
51
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
5 2
The TST (Transition State Theory) and the dissolution rate constants (k+, mol 
sec."*) of Rimstidt and Barnes (1980) were used to simulate the interactions.
The following conclusions were obtained by simulating a simple system consisting 
pure water with and without citrate; 1) the presence of organic matter (citrate) increases 
the concentration of Si in solution in pure water, possibly because of the formation of Si- 
citrate complexes. According to the simulation results, citrate (0.002m) increases the Si 
concentration by a factor of about 1 .22  compared to pure water at 70°C, and by a factor 
of about 1.36 at 40°C and the effect is greater at lower temperature; 2 ) the effects of 
organic matter on rates of silica diagenesis in pure water are significant. In these modeling 
experiments, the rates of silica phase transitions are accelerated in the presence of citrate 
by several orders of magnitude over that in the absence of organic matter, possibly due to 
lowered activation energies for silica phase dissolution and precipitation caused by the 
formation of Si-organic complexes; 3) opal-CT and quartz are expected earlier in organic- 
rich rocks than in organic-poor rocks under identical burial conditions.
Simulation experiments of a natural system in the Japan Sea lead to the following 
conclusions: 1) changes in dissolved calcium and magnesium concentrations are 
controlled by carbonate diagenesis; 2) Si concentrations in interstitial water are controlled 
by the dissolution of silicate minerals and silica diagenesis; 3) the simulated mineral 
sequence is plagioclase, amorphous silica, illite, and chlorite dissolution; smectite, and 
gibbsite growth and dissolution; growth of kaolinite, calcite, dolomite, pyrite, siderite, a 
phosphate mineral, and opal-CT; and 4) the presence of organic matter makes no
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differences in Si concentration and silica diagenesis, possibly becaused major cations (Ca, 
Mg) outcompete Si for the available organic anions. The simulation results showed that 
almost all input organic anions were consumed by Ca, Mg, and K complexes. There are 
no free organic acid anions left to complex with Si, and hence no effects on Si 
concentration and silica diagenesis were observed in the simulations.
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